A fuzzy multiobjective-programming model was presented to determine appropriate environmental flow allocation in urban rivers. An integrated nonlinear fuzzy membership function, that represents a broader implication in fuzzy decision-making, was regarded as the general objective and genetic algorithm became an essential tool in search for the global optimal solution. A case study of optimal allocation for environmental water requirements in the Liming River Basin, Daqing, demonstrates the capability of the fuzzy multiobjective model based on fuzzy decision theories to work suitably in water environmental management in a river basin.
Introduction
The study on environmental flow commenced in the early 1940s (Matola, 1999) , in order to improve water environment quality and promote the sustainable use of water resources. To date, it has produced a wide range of methods for assessing environmental water requirements. There are now more than 200 methods worldwide (Tharme, 2002) , and the methods frequently used include 7Q10 (Boner and Furland, 1982) , wetted perimeter (Gippel and Stewardson, 1998) , R2CROSS (Mosely, 1982) , IFIM (Gore, 1978) , BBM (King and Louw, 1995) , etc. But in most research, the problem solved is how much water a river needs, which does not consider where water comes from and how to allocate the water for the environment on a spatio-temporal scale, so environmental water allocation strategies are very difficult to implement. Flow allocation for the environment is a component of optimal allocation of water resources, which is aimed at providing environmental benefits in the form of improvement in water quality, the health of the natural ecosystem and aquatic biodiversity. The locations and number of water sources, the number of pollution sources, control options, duration of water quality model runs, the complex pollutant transports and physical -chemical process of pollutants may further compound the difficulty in looking for an optimal allocation strategy. Imprecise and vague information, such as preferences of decision makers, also plays an important role in decision-making (Lee and Chang, 2005) .
In this paper, a fuzzy multiobjective-programming model is presented, in which an integrated nonlinear graded membership function is regarded as the objective function (Chen and Chang, 1998) , and a genetic algorithm is used to solve such a model. A case study for environmental water allocation in the Liming River Basin in Daqing city of China, using a genetic algorithm as a tool, is also prepared for the purpose of demonstration.
Mathematic models

Model building
Optimal water allocation for the environment in this paper consists of three objectives and their related constraint sets. The three objectives are the maximization of assimilative capacity in the river, the minimization of water amount for allocation and the minimization of cost for water allocation. Firstly, the assimilative capacity is a renewable resource that indicates the capacity of a river to "digest" the pollution by biological activity and physical self-purification. Each river has its own assimilative capacity depending on the use of the water body and its quality standards Wen, 1996, 1997) . Secondly, it is necessary that some water has to be reserved to maintain the function of the river; however, water resources should be saved as much as possible in light of its shortage worldwide. Finally, the cost for water allocation in the entire river basin is involved, whose function is formulated by on-site survey of each water source. All water allocation costs are formulated as parameters of water amount for allocation, which have the characteristics of nonlinearity. For water environmental management in an entire river basin, the objectives are noncommensurable and conflict with each other. Multi-objective programming approaches are efficient to trade off the environmental and economic balance. Here for eliminating the conflict of three objectives and the effect of decision maker preferences, an integrated approach that explicitly incorporates model uncertainty in terms of fuzzy set theory is used to integrate the general objective. In other words, multiple aspiration levels are applied in this problem, in order to be more coordinated between the objectives. This optimal approach not only forms strategies of the most economically feasible cost and quantity of water allocation, but also obtains the allowable pollution loading in each reach.
The related constraints sets are water quality standards, water quality models, and the continuity equations of water flow. The model for multi-objective programming is represented as follows.
General objective:
Objective 1 (Z 1 ): to determine the minimal raw water supply from water sources, which is aimed at economizing water resources as much as possible:
Objective 2 (Z 2 ): to find the minimal total cost of water allocation:
Objective 3 (Z 3 ): to identify the maximal allowable pollution loading for all reaches to present assimilative capacity:
Subject to:
(1) Mass balance constraints of water quality (COD):
In the first reach:
In the following reaches:
(2) Water quality constraints:
(3) Assimilative capacity constraints:
(4) Capacity of water supply constraints:
(5) Continuity equation of water flow rate constraints:
(6) Minimum flow constraints:
(7) Non-negativity constraints:
in which u(Z i ) is the membership function of Z i (x), i ¼ 1, 2, 3; Z 1 is water allocation for environment in the river, 10 3 m 3 /d; Z 2 is cost of flow allocation for the environment in the entire basin, 10 4 RMB/d; Z 3 is the assimilative capacity of COD in the whole river, kgCOD/d; n is the number of water storage facilities; m is the number of reaches; C 0 i is COD concentration in each water storage facility, mg/L; C i is COD concentration at the end of reach i, mg/L; C i,s is COD standard of reach i, mg/L; C p i is COD concentration in the ith pollution source in the river, mg/L; q i is allocated flow from each water storage facility, 10 3 m 3 /d; Q 0 is the river flow rate above the first reach, 10 3 m 3 /d; C 0 is COD concentration above the first reach, mg/L; Q i is river flow rate at the ending of reach i, 10 3 m 3 /d; Q baseflow is minimum flow rate in the river, 10 3 m 3 /d; Q * i is flow rate in the ith pollution source in the river, 10 3 m 3 /d; q imax is maximal water supply in the ith water storage facility, 10 3 m 3 /d; A i is the assimilative capacity of COD in reach i, kgCOD/d; k i is COD degradation coefficient in the ith reach, 1/km; x i is the distance from the start of reach i, km; a i , b i are the coefficients in the cost function of flow allocation; V i is volume of water in reach i, 10 3 m 3 ; v i is flow velocity in reach i, km/d.
Solution procedure of the model
Due to the nonlinearity of the fuzzy multiobjective programming model, the conventional algorithms using LINDO software package (Schrange, 1991) could not be competent to solve it. Fortunately, genetic algorithms are a class of probabilistic search techniques, which are numerical simulation models to be embedded into the optimization process, and they are capable of handling the nonlinear problems (Cho et al., 2004) . The overall procedure of the solution algorithm for environmental water allocations is outlined in Figure 1 . Several models run based on the given scenario with single objective optimization are independently performed for determining the fuzzy intervals of objectives. And then a pay-off table is constructed, from which membership functions are elicited.
Based on the three graded membership functions, the multiple aspiration levels are used as the general objective function with a genetic algorithm as a tool.
Environmental water allocations in the Liming River Basin
Liming River Basin general situation
The Liming River, 37-kilometre long, is located in the eastern of Daqing city, in Hei Longjiang province, China. It is one of the main rivers for preventing flooding and receiving pollutants. It receives water from municipal, animal and industrial pollution sources. Water quality in Liming River has degraded as indicated by the increases in higher concentration of COD in the river. The degradation of water quality in the Liming River has prompted a need to adopt some management strategies to improve it. So a series of measurements have been taken to improve the water environment. A wastewater treatment plant for industrial pollution has been established, aiming to deal with the wastewater carrying oil pollutants from runoff in the surface and oil extraction accidents. Underground Sequencing Batch Reactor (SBR) technology with suspended fillings has been constructed to deal with the dispersed sewage effluent. For restoring the deteriorating wetlands in the river-basin, transplantation of wetland plants has been done. These measurements are effective to control pollutant sources to some degree. However, organic pollutants and lack of clear water in the Liming River are both key problems contributing to bad water quality. Then raw water from water storage facilities, such as reservoirs and lakes, in the river basin is planned to be allocated to improve water quality in the river Table 1 describes the details of the reservoirs and lakes. Optimal flow allocation for the environment is performed based on the above-established model, which directly determines the reservoir releases.
Results and discussions
The schematic diagram of the Liming river system in Daqing is established in Figure 2 , where five water storage facilities for flow allocation and five stream sections are explicitly identified. Some parameters such as the length of each reach, pollution loading, degradation coefficients and water quality standards are listed in Table 2 . A pay-off table is constructed to obtain the individual minimum Z i (x) m and maximum Z i (x) M for each objective function under given constraints (shown in Table 3 ). Figure 3 illustrates the definition of the three fuzzy membership functions based on the pay-off table. The membership function for allocation flow rate is shown in Figure 3(a) . The desired flow rate (412 £ 10 3 m 3 ) is calculated from the pay-off table, and its mapping membership grade is zero. Similarly, the minimum possible flow rate is 112 £ 10 3 m 3 and its grade is assigned as 1.0. The membership function for cost of flow allocation, shown in Figure 3(b) , is similar to Figure 3 (a) and its desired and minimum costs are also calculated from the pay-off table. As shown in Figure 3(c) , the maximum assimilative capacity is 9,572 kgCOD/d and its mapping membership grade is 1.0, while the minimum possible assimilative capacity may be 6,572 kgCOD/d and its grade is assigned as zero. These membership functions of the three objectives are listed as follows: 
The water allocation strategy from five water storage facilities in daily time steps has been obtained. The optimal results are demonstrated in Table 4 , which indicates the solutions of these three objectives, i.e. Z 1 ¼ 264.75 £ 10 3 m 3 /d; Z 2 ¼ 0.435 £ 10 4 RMB/d; Z 3 ¼ 8,101 kg COD/d. The aspiration levels of the three objectives are 0.491, 0.511, 0.509, respectively, which implies that the conflicting objectives attain a balance between resource, environment and economy. 
Conclusions
Flow allocation for the environment is one of the important measurements that could guarantee improvement of water quality and the health of natural ecosystems. For the polluted rivers or rivers without natural influx, human-controlled flow allocation should be performed to improve the water environment. The determination of optimal amount and quality of water and its spatio-temporal distribution, essential to achieve appropriate environmental benefits and the desired rehabilitation effects, is not an easy task. A framework for a multiobjective environmental water allocation strategy for a river basin is presented, with three conflicting objectives involving resources, economics and environmental quality issues. The approach presented in this study involved imprecise and vague information in terms of fuzzy set theory about the overall management goals. To handle the nonlinearity of the objectives, genetic algorithms were used as a tool to search the solutions of the modelling. An application in the Liming River Basin has demonstrated that the method is feasible and efficient in solving water management and optimization problems in rivers. 
